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[1] We examine the seasonal evolution of analyzed wind
stress curl (WSC) over the northeast Pacific Ocean. The
strongest WSC features are associated with wind maxima
on the flanks of the North Pacific High and Aleutian Low,
especially in coastal regions. A strong, seasonally-migrating
WSC dipole (positive inshore, negative offshore) is evident
year-round over the California Current System (CCS). We
compare the WSC fields to observed upper ocean
temperatures to test the hypothesis that seasonal variations
in overlying WSC strongly impact temperatures just below
the seasonal thermocline. The hypothesis is supported along
most of the west coast, where the WSC seasonal cycle is
strong and subsurface temperature data are relatively
abundant. In open ocean regions, there is little clear
evidence for or against the hypothesis due to weak WSC
signals and a lack of subsurface data. INDEX TERMS:
4504 Oceanography: Physical: Air/sea interactions (0312); 4516
Oceanography: Physical: Eastern boundary currents; 4227
Oceanography: General: Diurnal, seasonal, and annual cycles.
Citation: Murphree, T., P. Green-Jessen, F. B. Schwing, and S.
J. Bograd, The seasonal cycle of wind stress curl and its
relationship to subsurface ocean temperature in the Northeast
Pacific, Geophys. Res. Lett., 30(9), 1469, doi:10.1029/
2002GL016366, 2003.
1. Introduction
[2] The annual cycle of Ekman pumping, as implied by
wind stress curl (WSC), strongly influences seasonal
changes in upper ocean structure in the northeast Pacific
(NEP) and California Current System (CCS) [McCreary et
al., 1987; Trenberth et al., 1990; Bakun and Nelson, 1991;
Hickey, 1998; Cummins and Lagerloef, 2002; Schwing et
al., 2002; Strub and James, 2002]. But a number of issues
regarding WSC forcing of the NEP and CCS remain
unresolved, including the relative importance of WSC and
alongshore coastal stress (ACS) in generating coastal vari-
ability, especially in the CCS, and the roles of coastal and
offshore WSC and ACS in generating offshore variability
[Hickey, 1979; McCreary et al., 1987; Kelly et al., 1993].
[3] We examine the seasonal variations of WSC and
upper ocean temperature in the NEP to: (1) identify the
major temporal and spatial features of the WSC seasonal
cycle in the NEP; and (2) test the hypothesis that the WSC
seasonal cycle drives seasonal temperature variations just
below the seasonal thermocline (ST). This hypothesis is
based on the assumption that the impacts of WSC are
exerted via Ekman processes, and that these processes are
especially apparent just below the region in which the
effects of surface heat fluxes and mixing are most apparent
(i.e., just below the ST). Although a number of studies have
investigated stress and WSC forcing of the upper ocean, this
work is new in focusing on the seasonal co-evolution of
WSC and upper ocean structure in the NEP and CCS using
direct observations of subsurface temperature. A major
motivation is to identify the climatological links between
WSC and upper ocean temperature in the NEP, and to
clarify the mechanisms by which climate variations affect
the NEP and its ecosystems [Miller et al., 1997; Parrish et
al., 2000; Schwing et al., 2002].
2. Data and Methods
[4] Climatological WSC was determined from the
National Centers for Environmental Prediction (NCEP)
reanalysis [Kistler et al., 2001] surface wind fields (base
period 1968-96; horizontal resolution of 2.5). (NCEP and
buoy winds in the NEP are comparable, particularly on the
climate time scales described here.) Wind stress was calcu-
lated from daily NCEP winds using the bulk formula for
momentum flux [Esbensen and Reynolds, 1981] and a drag
coefficient of 1.3  103 [Kraus, 1972]. WSC was then
calculated from the daily wind stress values and monthly-
averaged. Comparisons of WSC calculated with constant
and variable drag coefficients showed no qualitative differ-
ences, especially with respect to spatial features and the
timing of seasonal extrema. Monthly upper ocean temper-
ature climatologies at standard depths were determined from
the World Ocean Database 1998 [Levitus et al., 1998] (base
period 1946–1996; horizontal resolution of 1).
3. Results
3.1. Seasonal Evolution of WSC in the
Northeast Pacific
[5] The climatological winter winds in the NEP (repre-
sented by January, Figure 1a) show a large anticyclonic
circulation centered near 30N, 130W, representing flow
around the North Pacific High (NPH). There is also a large
cyclonic circulation centered further to the northwest, over
the northern portion of the NEP, representing flow around
the Aleutian Low (AL). The anticyclonic (cyclonic) flow
region is dominated by negative (positive) WSC. Along the
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west coast, from northern California to southern Mexico,
there is a narrow region of positive WSC associated with
onshore weakening and cyclonic turning of the coastal
winds along the eastern flank of the NPH. From northern
California to southern Alaska, there is a coastal region of
negative WSC associated with onshore weakening and
anticyclonic turning of the winds on the eastern flank of
the AL. Thus, the winter WSC pattern in the NEP has four
major regions: (1) a large open ocean region of negative
WSC with its northern boundary at about 35–45N; (2) a
large open ocean region of positive WSC north of the large
negative WSC region; (3) a narrow coastal region of
positive WSC south of 40N; and (4) a narrow coastal
region of negative WSC north of 45N. Region 3 and the
eastern edge of region 1 form a dipole in WSC located
within about 10 of the coast and centered at about 30N,
122W. Region 4 and the eastern edge of region 2 form a
weaker WSC dipole located within about 5 of the coast and
centered at about 48N, 133W.
[6] Except for region 4, these patterns also occur during
summer (represented by July, Figure 1b), but with changes
in the intensity and location of their characteristic features.
The anticyclonic winds and negative WSC of region 1 are
stronger and centered further to the northwest, due to the
winter-to-summer strengthening and northwestward migra-
tion of the NPH. The cyclonic winds and positive WSC of
region 2 are present but weaker and shifted to the west of
their winter location. In summer, the AL is at its weakest
and is centered over northeastern Asia. Most of the positive
WSC in region 2 during summer is the result of cyclonic
shear within the anticyclonic wind maximum on the north-
ern flank of the NPH. The positive coastal WSC in region 3
is stronger than in winter and extends further to the north,
from 25N–55N. The negative WSC in winter along the
Alaskan-Canadian coast (region 4) disappears almost
entirely during summer. Compared to winter, the dipole
between region 3 and the eastern edge of region 1 is
stronger and centered further to the northwest (at about
40N, 127W) in summer. The intensification of this dipole,
and the northward expansion of region 3, are associated
with the development of strong summer upwelling along
much of the west coast.
[7] Throughout the year, the strongest winds occur on the
flanks of the NPH and AL (Figure 1). This leads to large
shear vorticity, large WSC values, and WSC dipoles in these
areas. For example, the south-southeastward wind maxi-
mum overlying the CCS on the eastern flank of the NPH
leads to large negative (positive) WSC on the western
(eastern) side of the wind maximum. Figure 1 also indicates
that topographic forcing of the strong flank winds induces
large shear and curvature vorticity, and large WSC values,
in coastal areas. This occurs, for example, in winter along
the southern Alaskan and Canadian coast where the easternFigure 1. Climatological surface winds (vectors) and wind
stress curl (color shading; N m3) for January (top) and July
(bottom). We use blue (red) for positive(negative) WSC to
highlight the hypothesized association with negative (posi-
tive) subsurface temperature. The upper panel shows four
major WSC regions: open ocean negative (region 1) and
positive (region 2), and coastal ocean positive (region 3) and
negative (region 4). Gray boxes identify 5 areas that are
examined in Figure 4.
Figure 2. (a) Month of maximum WSC. Maximum WSC
is the most positive value, or the least negative if all values
are negative. (b) Month of maximum WSC absolute value.
Gray contours mark the annual mean zero wind stress curl.
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flank of the AL overlies abrupt changes in surface elevation
(Figure 1a), and in summer along the Oregon-California
coast where the eastern flank of the NPH intersects coastal
mountains (Figure 1b). Thus, the regions of strongest WSC,
and the WSC dipoles, are determined largely by the strength
and location of the wind maxima on the flanks of the NPH
and AL and topographic forcing of these wind maxima.
[8] Along the west coast, from 20–50N, the maxi-
mum WSC occurs during May–July (Figure 2a), as the
NPH and its eastern flank region of positive WSC (region 3)
migrate northward. Over the Gulf of Alaska (GOA), the
maximum WSC occurs during October–February (Figure
2a). The AL is at its most intense and is centered near the
northwestern GOA in October–November, and near the
dateline and the Aleutians in December–February. In parts
of the central GOA, the maximum WSC occurs in April
when the AL is again centered near the northwestern GOA.
Away from the coast, the maximum WSC occurs in winter
and early spring over most of the southern NEP, and in late
summer and fall over much of the northern NEP. The month
of maximum absolute value of the WSC (Figure 2b) clearly
shows the northward extension during spring and summer
of the region of positive WSC along the west coast (region
3). Away from the coast, the migrations of the NPH (AL)
are revealed as absolute WSC maxima over most of the
southern (northern) NEP in summer (winter to early spring).
3.2. Relationships Between WSC and Subsurface
Temperature
[9] The seasonal co-evolution of WSC and temperature
just below the annual mean depth range of the ST, repre-
sented by temperature at 150 m (T150), is shown in Figure 3.
In region 3, the coolest (warmest) T150 values occur during
spring–summer (fall–winter) when the WSC is most (least)
positive, consistent with our hypothesis. The hypothesis is
also supported along the coast of Canada and southeastern
Alaska (region 4), where T150 is warmest (coolest) when the
WSC is negative (positive) in winter–spring (summer–fall).
In offshore areas, the evidence for WSC forcing of T150
variations is less clear. In the GOA, there are large seasonal
WSC variations, but temperature data are limited for most of
the year. Along the Hawaii ship tracks, ocean observations
are relatively abundant, but the WSC signals are weak.
[10] ACS can induce offshore Ekman transport that leads
to coastal upwelling or downwelling that strongly impacts
coastal upper ocean temperatures. ACS effects may extend
offshore and below the seasonal thermocline [Shearman et
al., 1999; Haney et al., 2001]. Distinguishing the impacts of
ACS on T150 from those of WSC is complicated by several
factors, since the two fields are highly correlated and in
phase over much of the CCS (Figure 1). We computed
lagged correlations of the alongshore stress at the coast with
Figure 3. WSC contours (N m3) overlaid on 150-m
temperature after removing the annual mean WSC and
temperature at each location. (a) January, (b) April, (c) July,
and (d) October. Solid (dashed) contours show positive
(negative) WSC. Temperatures are only shown for boxes
which had at least ten observations over the base period
1946–96.
Figure 4. Evolution of wind stress curl (top panels; N m3) and 0–200 m temperature (bottom panels) for two 5 regions
representing the (a) offshore, negative WSC and (b) onshore, positive WSC marked by the boxes in Figure 1. The dashed
white isotherms highlight temperatures at about 150 m.
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T150 over a 10 band away from the coast, at four latitudes
from southern California to northern Washington. Signifi-
cant positive correlations, indicating ACS impacts on T150,
were confined to within 1–2 of the coast at lags of 0–2
months. These results suggest that coastal divergence con-
tributes to the seasonal temperature cycle just below the ST
within about 100–200 km of the coast.
[11] Figure 4 shows the seasonal variations of WSC and
ocean temperature in the upper 200 meters for two areas in
the WSC dipole region associated with the CCS. In the
onshore area, the May–August (November–March) period
of most (least) positive WSC coincides with the period of
coolest (warmest) T150, consistent with our hypothesis.
However, the month in which the most positive WSC
occurs (July) is one month after the coolest T150 (June).
This slight lag may be due to downward mixing of warm
water associated with high wind stress (Figure 1) and high
insolation during late spring-summer. Note that above 60 m,
where surface heat fluxes and mixing are stronger, the lag
increases to 2–3 months.
[12] In the offshore area, the temperature variations just
below the seasonal thermocline do not support our hypoth-
esis (Figure 4a). There, the warmest (coolest) T150 values
occur in the winter (summer), when the WSC is least (most)
negative. However, the thermocline becomes deeper in fall
and early winter, and is then eliminated in late winter,
indicating that the deep thermocline in fall to early winter
is due to strong surface mixing. This thermocline deepening
coincides with a moderate WSC relaxation (half that in the
onshore area). This suggests that the WSC relaxation is not
strong enough to significantly influence T150, at least not
when the relatively deep thermocline is getting deeper.
4. Conclusions
[13] In addition to forcing ocean variations directly, WSC
and ACS may affect seasonal temperature variations below
the ST by triggering Rossby and Kelvin waves [Kelly et al.,
1993; Miller et al., 1997; Cummins and Lagerloef, 2002].
Preliminary analyses of lagged correlations of coastal T150
with offshore T150 at 32N (not shown) support this idea.
Future work will use higher resolution wind and ocean
model products as they become available to detect the
impacts of Kelvin and Rossby waves, and of intraseasonal
to decadal WSC variations.
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